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puccinAbstract—Despite its invasiveness, liver biopsy is still considered the gold standard for the assessment of hepatic
fibrosis. Non-invasive ultrasound-based techniques are increasingly employed to assess parenchymal stiffness and
the progression of chronic diffuse liver diseases. Real-time elastography is a rapidly evolving technique that can
reveal the elastic properties of tissues. This review examines qualitative and semi-quantitative methods developed
for analysis of real-time liver elastograms, to estimate parenchymal stiffness and, indirectly, the stage of fibrosis.
Qualitative analysis is the most immediate approach for elastogram analysis, but this method increases intra- and
inter-observer variability, which is seen as amajor limitation of real-time elastography. Semi-quantitativemethods
include analysis of the histogram derived from color-coded maps, as well as calculation of the elastic ratio and
fibrosis index. (E-mail: Francesco.paparo@galliera.it)  2014 World Federation for Ultrasound in Medicine
& Biology.
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The prognosis of patients with chronic liver diseases is
related to the progression of hepatic fibrosis and the
increased risk of complications such as portal hyperten-
sion, liver failure and hepatocarcinogenesis (Tatsumi
et al. 2008). Liver biopsy is still considered the gold stan-
dard for the assessment of liver fibrosis, but this method is
not suitable for frequent monitoring because of its inva-
siveness (Koizumi et al. 2011). In addition, the accuracy
of liver biopsy is limited by significant intra- and inter-
observer variability when two or more pathologists
analyze the same sample (Friedrich-Rust et al. 2007).
Furthermore, a standard liver biopsy sample represents
only 1/50,000th of the whole organ, thus entailing the
risk of sampling bias and under-staging, especially if
specimens are small (Ochi et al. 2012; Bedossa et al.
2003). An estimate of liver fibrosis can be achieved
with different non-invasive approaches, including anal-ddress correspondence to: Francesco Paparo, Mura delle Cap-
e 14, 16128 Genoa, Italy. E-mail: Francesco.paparo@galliera.it
1923ysis of blood markers through their derived indices (Fi-
broTest, Forns score, aspartate transaminase-to-platelet
ratio index) and magnetic resonance (MR) and ultrasound
(US) techniques (Kanamoto et al. 2009). Blood markers
and derived indices have not been validated in all condi-
tions (Corradi et al. 2009). MR elastography is a prom-
ising imaging technique, but is limited by high cost and
low availability. US-based techniques include transient
elastography (TE), acoustic radiation force impulse
(ARFI) elastography, shear wave elastography (SWE)
and real-time elastography (RTE) (Sporea and Sirli
2012; Wang et al. 2012). Most of the ultrasound-based
modalities (i.e., TE, ARFI, SWE) provide a quantitative
estimate of liver stiffness, whereas RTE provides a
color-coded representation of the relative elasticity of tis-
sues included in the B-mode image. With the latter mo-
dality, secondary analysis of real-time elastograms is
required to obtain semi-quantitative information.
The aim of this article is to give an overview of the
currently available US-based techniques for the assess-
ment of liver fibrosis, and then to describe in detail the
methods for analysis of real-time elastograms. A PubMed
1924 Ultrasound in Medicine and Biology Volume 40, Number 9, 2014search was performed until May 2013 using ‘‘real-time
elastography’’ or ‘‘real-time strain elastography’’ or
‘‘real-time tissue elastography’’ and ‘‘liver fibrosis’’ as
key words in different associations. We considered only
institutional review board-approved studies for which
written informed consent was obtained from each patient
before inclusion.ULTRASOUND-BASED TECHNIQUES FOR
ASSESSMENT OF LIVER FIBROSIS
Transient elastography, ARFI elastography and
SWE elastography provide a quantitativemeasure of liver
stiffness. TE is performed with FibroScan (Echosens,
Paris, France), a dedicated medical device for elastome-
try. With this device, an ultrasound probe mounted on
the axis of a vibrator transmits low-frequency (50 Hz) vi-
brations from the right intercostal space, creating an
elastic shear wave that propagates into the liver. A
pulse-echo US acquisition is then used to detect the
wave propagation velocity, which increases proportion-
ally with tissue stiffness. Liver stiffness can therefore
be calculated, with values ranging between 2.5 and
75 kPa (Sandrin et al. 2011). ARFI elastography is a mod-
ule implemented on a high-end multipurpose US system,
equipped with a transducer generating a short-duration
(262 ms) acoustic pulse, which is directed toward a stan-
dardized region of interest (ROI) in the liver parenchyma
positioned under real-time B-mode imaging. A fixed
transmit frequency of 2.67 MHz has been used to
examine the liver parenchyma (Colombo et al. 2012),
but other frequencies can be employed in ARFI elastog-
raphy for different clinical purposes. The subsequent
displacement of tissue within the ROI generates shear
wave propagation away from the region of excitation.
The shear wave velocity is then measured, with values
ranging between 0.5 and 4.4 m/s and620% accuracy; ve-
locity increases with parenchymal stiffness of the liver
(Colombo et al. 2012). ARFI was initially employed to
apply localized radiation force to small volumes of tissue
(2 mm3) for short durations (,1 ms), mapping the result-
ing tissue displacements using ultrasonic correlation-
based methods (Nightingale et al. 2002). Further, ARFI
quantification, also known as point shear wave elastogra-
phy (point SWE) (Bamber et al. 2013), was developed to
obtain a quantitative measure reflecting tissue stiffness.
Point SWE is considered an ARFI-based technique that
allows measurement of the speed of a shear wave origi-
nating from tissue displacement within the ROI,
providing a quantitative measure of tissue stiffness ex-
pressed in centimeters per second. Therefore, it is impor-
tant to distinguish between point SWE (i.e., ARFI
quantification) and SWE, which is also called shear
wave speed imaging (Bavu et al. 2011), rememberingthat often manufacturers use different names for essen-
tially the same technology or the same name for different
technologies.
Shear wave elastography is based on the combina-
tion of ARFI and ultrafast US techniques. In SWE, the
acoustic radiation force focus is swept down the acoustic
axis faster than the shear wave speed, so as to generate tis-
sue displacements (tens of micrometers) at all positions
along the acoustic axis, almost simultaneously. This pro-
duces a shear wave in the shape of a cone with a shallow
angle (and hence almost cylindrical), known as a Mach
cone. Shear waves are followed by an ultrafast US tech-
nique, providing a quantitative color-coded elasticity
map of biologic tissues under examination, which is dis-
played in real time over a conventional B-mode image
and expressed in kilopascals (Bavu et al. 2011; Bamber
et al. 2013). With TE, only an M-mode image is used to
localize the optimal measurement site, whereas with
ARFI imaging and SWE, the ROI can be chosen on a
conventional B-mode image of the liver, systematically
excluding interfering structures, such as large
intrahepatic blood vessels. RTE differs from the other
US-based elastography techniques in that it does not
provide a quantitative estimate of liver stiffness. RTE
measures probe-induced deformation (strain) of the struc-
tures examined in the B-mode ultrasound image, gener-
ating color-coded maps of the strain distribution (i.e.,
elastograms), which reflect tissue elasticity (Tanter
et al. 2009; Bavu et al. 2010). Therefore, RTE reveals
the relative difference in tissue stiffness by assessing
changes in local strain in response to an external stress,
without providing a quantitative value of stiffness. With
RTE, the elastography ROI positioning is user-
adjustable and is technically critical because it may alter
the quality and significance of results. Because the elasto-
gram is not a quantitative map of tissue stiffness, but only
a qualitative representation of the relative elasticity of
anatomic structures included in the B-mode image,
different methods of elastogram analysis have been
developed to retrieve a semi-quantitative estimate of
parenchymal fibrosis from RTE examination of the liver.
Table 1 summarizes the different elastography techniques
that are available on the most widespread US scanners.GENERATION OF THE ELASTOGRAM:
POSITIONING OF THE ELASTOGRAPHY
REGION OF INTEREST
Real-time elastography is an imaging technique that
directly reveals the physical property of tissues using con-
ventional US probes (Friedrich-Rust et al. 2009a). Linear
probes are commonly employed to perform RTE, because
they produce US images that are unaffected by depth-
dependent distortion. In fact, as the US pulses spread
Table 1. Different elastography techniques available on the most widespread ultrasound systems
GE
Healthcare
(Logiq)
Philips
(iU22, EPIQ)
Siemens
(Acuson)
Toshiba
(XG)
Hitachi
(EUB, Hi-Vision)
Esaote
(My Lab)
Echosens
(Fibroscan)
Supersonic Imagine
(Aixplorer)
TE X
ARFI X X
SWE X
RTE X X X X X X
TE5 transient elastography; ARFI5 acoustic radiation force impulse elastography; SWE5 shear wave elastography; RTE5 real-time elastography.
Fig. 1. Liver real-time elastography (RTE) examination in a 28-
y-old healthy volunteer without liver fibrosis (transient elastog-
raphy value 5 4.1 kPa, corresponding to F0–F1 fibrosis stage
according to the METAVIR classification). The elastography
module simultaneously displays two images: (a) conventional
B-mode ultrasound image; (b) color-coded elastogram superim-
posed on the morphologic ultrasound image. The elastography
region of interest was positioned to include the inner portion
of the perihepatic soft tissues, avoiding intra-parenchymal large
vascular structures. The diaphragm (arrows in a) appears as a
homogeneously soft (red) structure compared with the liver
parenchyma, which has a diffuse, relatively homogeneous,
light-green soft pattern in this healthy volunteer. Images were
obtained with the RTE module of the ultrasound system MyLab
Twice (Esaote, Genoa, Italy) equipped with a multifrequency
linear probe (3–11 MHz, 3-cm array). Elastic ratio calculation
was performed in an off-line modality using a dedicated soft-
ware program (MyLab Desk, Esaote).
Liver fibrosis assessment by real-time elastography d F. PAPARO et al. 1925out toward deeper tissues, the density of sampling
decreases, accompanied by image deformation. When
RTE is used to assess liver fibrosis, B-mode imaging is
first used to visualize a portion of the liver parenchyma
free of large vessels, which can affect the strain response
(Hirooka et al. 2011). Then, the elastography module is
activated by the operator, who has to apply slight com-
pressions to the patient’s cutis with the US probe, allow-
ing the system to generate the elastogram. The RTE
module can assess liver stiffness by calculating the
displacement of tissues along the axial direction of the
US beam. The operator’s compression produces strain
(displacement) within the tissue under examination, and
the RTE module calculates the strain profile along the
axis of compression (Gheorghe et al. 2008). Patients are
instructed to continue breathing as usual, because each
elastography image is obtained in a few milliseconds
and breathing does not cause any motion artifacts. The
system generates a color map, on which hard tissue areas
are colored blue, intermediate tissue areas green and soft
tissue areas red. However, the operator can choose
different color maps to represent tissue stiffness. In the
Elasto elastography software (Hitachi Medical Systems,
Tokyo, Japan), numerical values of pixels ranging from
0 to 256 (256 stepwise grading) correspond to color map-
ping from blue (0) to red (256). The Elaxto elastography
module (Esaote, Genoa, Italy) generates a histogram of
pixel distribution from the color image by 100 stepwise
grading. Therefore, this RTE module differs from that
produced by Hitachi in its short range of pixel values
(i.e., from 0 to 100 vs. the Hitachi 256 stepwise grading)
for representing strain distribution and tissue elasticity.
RTE acquisitions are reliable only if a pressure of at least
3–4 on a scale of 0–6 arbitrary units is recorded. Such an
indicator is simple feedback to the operator indicating
that the movement of tissues subjected to compression
is more or less suitable to the rate of acquisition of the
system. The strain response of tissues is color-coded ac-
cording to its magnitude and translucently superimposed
on the conventional 2-D US image (Fig. 1). This simulta-
neous display generates US images that include both
morphologic and functional information (Wang et al.
2012). High-end broadband linear array RTE probes (3–11 MHz) are able to homogeneously reveal the strain
response of a portion of the liver parenchyma located
up to 8–10 cm below the Glisson capsule, because of their
operating frequency bandwidth and peculiar linear array
geometry (Orlacchio et al. 2012). In addition, new RTE
probes are able to compute the automatic displacement
of the liver parenchyma induced by the heartbeat, and
no compression with the transducer is required
(Ferraioli et al. 2012). This technical innovation is an
important advantage, because it is difficult to standardize
the operator’s freehand compression, which is one of the
major sources of intra- and inter-observer variability in
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liver RTE is performed, the right lobe is usually examined
through the intercostal spaces. In only one work has the
left lobe of the liver been examined (Orlacchio et al.
2012), and there were no statistically significant differ-
ences in the RTE results (expressed as tissue mean elas-
ticity [TME]) obtained from the right and left lobes
(p5 0.21). In the large majority of studies on RTE using
liver biopsy as the gold standard for assessment of hepatic
fibrosis, the elastogram ROI was positioned trying to
include the biopsy site, to get a better correlation between
the two methods (Friedrich-Rust et al. 2009b). In their
study on RTE, Koizumi et al. (2011) adopted a peculiar
method of liver examination, similar to that proposed
by Boursier et al. (2008) for TE. Patients were examined
in supine position with the right arm elevated above the
head. The examination was performed on the right lobe
of the liver through the intercostal spaces, and the oper-
ator measured liver stiffness at four sites (Boursier et al.
2008). The measurement sites were defined as follows
(Koizumi et al. 2011):
Site I: Dorsal decubitus on the median axillary line in
the first intercostal space
Site II: Dorsal decubitus on the anterior axillary line in
the first intercostal space
Site III: Dorsal decubitus on the median axillary line in
the second intercostal space
Site IV: Lateral decubitus on the median axillary line
in the first intercostal space.Fig. 2. Artifacts in the liver real-time elastography examinatio
atitis C. This patient had an F0 score (i.e., absence of fibrosis
METAVIR system, and a normal value of liver stiffness at trans
age (a) reveals a parenchymal vessel.3 mm inside the elastogr
of a relatively large, homogeneously soft (red) vascular structure
map, where the surrounding liver parenchyma artifactually appeSaftoiu et al. (2007) were the first to include peri-
hepatic soft tissues in the elastogram ROI, to clearly
compare and distinguish the strain between liver paren-
chyma and these structures. This method of elastogram
ROI positioning was also adopted by others (Kanamoto
et al. 2009; Xie et al. 2012). The abdominal wall layers
visualized through the right intercostal spaces include
the skin, subcutaneous fat tissue, intercostal muscles
(external and internal), diaphragm, Glisson capsule and
liver parenchyma. In some patients, even the thin
adipose tissue between the Glisson capsule and visceral
peritoneum (tela subserosa) can be depicted by the
elastography software (Kanamoto et al. 2009; Saftoiu
et al. 2007; Xie et al. 2012). Morikawa et al. (2011) and
Orlacchio et al. (2012) excluded the most superficial
portion of the liver parenchyma from the elastogram
ROI, because it was considered consistently harder than
the deeper parenchyma because of its close proximity
to the Glisson capsule. They proposed positioning the
elastography ROI at least 10 mm below the liver capsule
(Orlacchio et al. 2012; Morikawa et al. 2011). According
to Gheonea et al. (2010), the inclusion of large intrahe-
patic vessels (.3 mm) in the elastogram ROI has to
be avoided, because these soft structures induce clear
artifacts in the elastograms, influencing the strain distri-
bution and the quality of information (Fig. 2). On compar-
ison of RTE and TE, the limitations common to both
techniques include obesity, narrow intercostal spaces
and ascites (Athanasiou et al. 2010; Tsochatzis et al.
2011). In only one work (Hirooka et al. 2011), then examination of a 32-y-old man with chronic viral hep-
) on histologic analysis of liver biopsy, according to the
ient elastography (4.09 kPa). The B-mode ultrasound im-
aphy region of interest (arrows in a and b). The inclusion
inside the region of interest affects the entire color-coded
ars hard (blue). Images obtained as described for Figure 1.
Liver fibrosis assessment by real-time elastography d F. PAPARO et al. 1927diagnostic value of RTE in assessing liver fibrosis was
investigated in 42 patients with artificial ascites (consist-
ing of 5% glucose) injected before radiofrequency abla-
tion procedures for hepatocellular carcinoma and in 12
patients with ascites resulting from decompensated liver
cirrhosis. Liver stiffness values, expressed as mean elastic
ratios, did not significantly differ before and after injec-
tion of artificial ascites, as well as before and after control
of ascites in patients with decompensated liver cirrhosis.
In addition, when ascites was present, the compression
needed for elastogram generation was physiologically
provided by spontaneous respiratory motion, as well as
by vascular and cardiac pulsations. The large majority
of researchers, including Friedrich-Rust et al. (2007),
excluded patients with ascites from their studies, consid-
ering that RTE, similarly to TE, works only with close
contact to the liver surface. Gheonea et al. (2010) asserted
that in patients with ascites, the portion of liver paren-
chyma included in the elastography ROI is constantly de-
picted as homogeneously hard, irrespective of its real
elasticity (Fig. 3). From the results of a recent work
(Ferraioli et al. 2012), RTE (as well as TE) results seem
not to be influenced by the presence of hepatic steatosis,
but this still remains an topic of discussion and further
investigation is required.
METHODS OF ELASTOGRAM
INTERPRETATION AND ANALYSIS
Qualitative assessment of the color-coded map is the
most immediate method of analysis of the elastograms
and the first to be employed in hepatic RTE. Because elas-
tograms reveal only the relative stiffness of tissues exam-
ined in the B-mode US image, different methods of
elastogram analysis have been developed to retrieve
semi-quantitative information from the color-coded map.
Qualitative method
The pattern of strain induced by the operator’s com-
pressions becomes patchy as fibrosis progresses (Tatsumi
et al. 2010). In a previous study, Morikawa et al. (2011)
described three RTE patterns of liver fibrosis: a diffuse
soft pattern, an intermediate pattern and a patchy hard
pattern. The diffuse soft pattern is represented by a rela-
tively homogeneous light-green colored image. The inter-
mediate pattern is characterized by a partially mottled,
dotted imagewith blue spots on a light green background.
The patchy hard pattern is represented by mixed images
with a patchwork effect of light green, red and blue
(Fig. 4).
Semi-quantitative methods
Histogram of pixel distribution. The color-coded
elastograms can be analyzed immediately after theacquisition or off-line using dedicated software programs
(e.g., Elasto [Version 1.5.1, Hitachi] and MyLab Desk
[Esaote]). Each pixel of the image has a specific numeric
value (ranging from 0 [blue, hard] to 255 [soft, red] in the
Hitachi RTE module and from 0 to 100 in the Esaote soft-
ware) to represent tissue elasticity. For quantification, all
pixel data in the colored image are transformed into a hue
histogram. Tissue mean elasticity (TME), which is the
mean of different pixel values, is calculated from the his-
togram of pixel distribution and expressed in arbitrary
units (Orlacchio et al. 2012). Lower TME values indicate
increased liver stiffness. TME calculation is one of the
simplest methods employed to obtain semi-quantitative
information from elastograms and has been widely
used. Using a public domain Java-based image-process-
ing tool (ImageJ) with a dedicated plug-in, Gheonea
et al. (2010) performed computer-enhanced dynamic
analysis to create an individual histogram of each frame
from the RTE movie for each patient.
Elastic ratio. The elastic ratio is the ratio of strain
distribution in two selected ROIs (Koizumi et al. 2011).
This calculation was introduced to improve elastogram
analysis and interpretation, making it less subjective.
On the other hand, the elastic ratio provides semi-
quantitative information. The term semi-quantitative is
used because the elastic ratio is calculated between two
distinct ROIs of strained tissue, without knowledge of
the exact compression force applied and under the
assumption that the two areas are equally stressed
(Havre et al. 2011). A larger elliptical or rectangular
ROI is positioned in the liver parenchyma, and a smaller
ROI (a few square millimeters) is positioned in a homo-
geneously soft anatomic structure, which is considered
the internal control. The parenchymal ROI is commonly
placed in a region of the liver free of large vessels, bile
ducts and focal lesions. Different structures can be chosen
to represent the internal control, which ideally should be
characterized by constant elastic properties among
different individuals and, in the same subject, among
different points in time. The anatomic structures more
commonly used as internal controls are small intrahepatic
venous vessels, intercostal muscles, the diaphragm and
perihepatic soft tissues. If needed, the operator can also
draw ROIs freehand. With this method, a higher elastic
ratio reflects a lower elasticity of hepatic parenchyma
and, therefore, a higher stage of liver fibrosis. Alterna-
tively, the internal control ROI may be larger (square cen-
timeters) to include more heterogeneous anatomic
structures (Xie et al. 2012). The choice of the internal
control is a crucial technical aspect of this method of elas-
togram analysis and can influence the reliability of the re-
sults. The elastic ratio has been used in different studies of
RTE (Gulizia et al. 2008; Hirooka et al. 2011; Kanamoto
Fig. 3. Images of the liver of a 65-y-old man with decompensated alcoholic liver cirrhosis and ascites. In patients with
ascites, the elastography region of interest should be positioned so that it excludes the perihepatic fluid (arrow in a), which
is consistently depicted as a homogeneously soft (red) element. Consequently, the adjacent liver parenchyma is repre-
sented as homogeneously hard, irrespective of its real stiffness. With the ascites excluded from the elastography region
of interest, the liver cirrhosis assumes a more heterogeneous, mottled appearance characterized by a blue background with
green and light-green spots (b). Images obtained as described for Figure 1.
1928 Ultrasound in Medicine and Biology Volume 40, Number 9, 2014et al. 2009; Koizumi et al. 2011; Ochi et al. 2012; Xie
et al. 2012). In four of these works (Gulizia et al. 2008;
Hirooka et al. 2011; Koizumi et al. 2011; Ochi et al.
2012), the red (soft) signal of small intrahepatic venous
vessels (,3 mm according to Koizumi et al. [2011])
was chosen as internal control (Fig. 5), whereas in the re-
maining two (Kanamoto et al. 2009; Xie et al. 2012), the
internal control was intercostal muscles. RTE of a cohort
of 70 patients with chronic hepatitis C (Koizumi et al.
2011) revealed that the area under the receiver operating
characteristic (ROC) curve of elastic ratios calculated us-
ing small intrahepatic vein branches as the internal con-
trol was higher than that calculated using portal vein
branches as the internal control: 0.953 (95% confidence
interval [CI]: 0.903, 0.998) versus 0.731 (95% CI:Fig. 4. Qualitative assessment of real-time elastography (RTE
liver fibrosis. (a) The first patient is a 42-y-old man with chroni
ysis of liver biopsy, transient elastography value 5 4.8 kPa). T
characterized by a relatively homogeneous light-green image. (b
hepatitis B (F3METAVIR stage at histologic analysis of liver bi
coded elastogram reveals an intermediate pattern, characterize
green background. (c) The last patient (c) is a 64-y-old man
histologic analysis of liver biopsy, transient elastography valu
a patchy effect of green, light green and blue. I0.649, 0.886) (p 5 0.0006). A possible explanation of
these results is that the elasticity of small hepatic veins
is less liable to change over time, and does not increase
or decrease even when the liver parenchyma becomes
stiffer with the progression of periportal fibrosis.
Hirooka et al. (2011) and Ochi et al. (2012) also proposed
using hepatic veins as an internal control to reduce inter-
individual variability in elastic ratio measurements.
Gulizia et al. (2008) suggested placing the internal con-
trol ROI in a highly elastic parenchymal vascular struc-
ture, such as the right branch of the hepatic vein. Xie
et al. (2012) and Kanamoto et al. (2009) chose the inter-
costal muscles as internal control, calculating the mean
elastic ratio obtained from 10 valid elastograms. In a
recent work on patients with liver iron overload, RTE) examinations of three patients with different degrees of
c viral hepatitis C (F1 METAVIR stage at histologic anal-
he color-coded elastogram reveals a diffuse soft pattern,
) The second patient is a 53-y-old man with chronic viral
opsy. transient elastography value5 10.2 kPa). The color-
d by a mottled, dotted image with blue spots on a light-
with chronic viral hepatitis C (F4 METAVIR stage at
e 5 15.1 kPa). RTE reveals the hard pattern, defined as
mages obtained as described for Figure 1.
Fig. 5. Calculation of the elastic ratio of a 35-y-old healthy volunteer using a small intrahepatic vein as the internal con-
trol. (a) The first real-time elastography (RTE) image (a) reveals a small hepatic vein (2 mm) within the color-coded elas-
togram, which is depicted as a homogeneously soft structure. (b) In the second RTE image, a large elliptical region of
interest of 65 mm2 (Z1) was positioned in the liver parenchyma, excluding the hepatic vein, and a smaller elliptical region
of interest of 0.9 mm2 (Z2) was positioned inside the lumen of the venous vessel, which was considered the internal con-
trol. (c) The elastography software generated the histogram of pixel distribution inside the selected regions of interest,
providing two numerical values (74 for Z1 and 93 for Z2, expressed in arbitrary units) for calculating the elastic ratio
Z2/Z1. In this case, the elastic ratio was 1.26, a normal value according to the cutoff values previously reported by
Koizumi et al. (2011). Images obtained as described for Figure 1.
Liver fibrosis assessment by real-time elastography d F. PAPARO et al. 1929was performed with the diaphragm as internal control
(Paparo et al. 2013). Fiorini et al. (2012) calculated the
elastic ratio by placing the internal control/reference
ROI in a homogeneously soft area of the liver paren-
chyma included in the color-coded elastogram and
observed a significant correlation with fibrosis stage
(Spearman’s r 5 0.470, p 5 0.015).
Fibrosis index. The fibrosis index (also called elastic
index) represents evolution of the TME calculation; this
peculiar method of elastogram analysis is available with
the Hitachi RTE module. Two main elastic indexes
have been described in the literature: the Japanese elastic
index (Tatsumi et al. 2010) and the German elastic index
(Friedrich-Rust et al. 2007). As for TME, calculation of
the Japanese elastic index starts with analysis of the his-
togram, which is generated by 256 stepwise grading. The
mean value and standard deviation of pixels within a
selected ROI in the liver parenchyma are calculated along
with several other parameters derived from the elasto-
gram analysis. The number of additional parameters
considered for the elastic index calculation varies among
different studies (Colombo et al. 2012; Ferraioli et al.
2012; Morikawa et al. 2011; Tatsumi et al. 2008, 2010;
Tsochatzis et al. 2011; Wang et al. 2012). In their first
work on RTE, Tatsumi et al. (2008) considered, together
with the mean 6 standard deviation of pixels in the ROI,
the percentage of blue area in the ROI, complexity (lengthliver fibrosis index520:008973MEAN2 0:005023 S
3 SKEW2 0:2813KURT1 2:08squared divided by blue area) and skewness, as well as
other elastogram features using a co-occurrence matrix
(inverse difference moment, angular second moment [a
measure of the homogeneity of an image] and entropy)
(Tsochatzis et al. 2011). Morikawa et al. (2011) stored
RTE examinations as digital movies 20–40 s long.
Then, 10 randomly captured static frames were analyzed
using the Hitachi software Elasto (Version 1.5.1). Results
were first described as the mean 6 standard deviation in
the ROI. Further, data were transformed into a binary im-
age, where white and black indicated hard and soft tissue,
respectively. Results of binary image analysis were
described as area (percentage of white regions) and
complexity (periphery2/area). Mean, standard deviation
and complexity were expressed in arbitrary units. In a
further work on the Hitachi RTE software, Tatsumi
et al. (2010) included 9 different features in their elasto-
gram analysis: (i) mean of relative strain value; (ii) stan-
dard deviation of relative strain value deviation (SD); (iii)
ratio of blue area in the analyzed region (%AREA); (iv)
complexity of blue area (COMP); (v) kurtosis of strain
histogram (KURT); (vi) skewness of strain histogram
(SKEW); (vii) entropy (ENT); (viii) inverse difference
moment (IDM); (ix) angular second moment (ASM).
Multiple regression analysis was then performed to
elaborate a formula for calculating the liver fibrosis
index:D1 0:02323%AREA1 0:02533COMP1 0:775
3ENT1 3:043 IDM1 40:03ASM2 5:54
1930 Ultrasound in Medicine and Biology Volume 40, Number 9, 2014Fujimoto et al. (2013), Tomeno et al. (2013) and Yada
et al. (2013) employed the same method of calculation,
which is automatically performed by the Hitachi elastog-
raphy module. Ferraioli et al. (2012) used the results of
multiple regression analysis to elaborate an original algo-
rithm for calculating the fibrosis index, including the pre-
viously mentioned 9 elastogram features:ð20:05813meanÞ1ð0:1643 SDÞ2ð0:0693 percentage areaÞ2ð0:1293 complexityÞ
1ð1:973skewnessÞ1ð1:63 kurtosisÞ2ð1:683 entropyÞ
1ð11:93 inverse difference momentÞ2ð4883 angular second momentÞ1 4:05Colombo et al. (2012) included 11 elastogram parameters
derived from the histogram analysis. Four main functions
(Z1–Z4) were calculated and included in an integrative
function to elaborate the elastic index. Wang et al.
(2012) used the same 11 parameters as Colombo et al.
(2012) to obtain the elastic index. In their first study on
RTE, Friedrich-Rust et al. (2007) described a German
elasticity score, where numerical values of pixels were
determined from 0 to 10 according to color mapping
from blue/hard (1) to red/soft (0), followed by calculation
of the mean, median, minimum, maximum, frequency of
pixel values above 0.75 of a single measurement and
descriptive statistics of all measurements. The elasticity
score was then calculated with the formulaelasticity score5 1771 503 log

median

Freq

pixel3 0:75

213; 0003Min½Min ðpixel with values above 0Þwhich was developed by stepwise multivariate logistic
regression analysis. In another work, Friedrich-Rust
et al. (2009a) compared the German elasticity score
with the Japanese elasticity score and found that the latter
provides a better correlation with histopathologic assess-
ment of liver fibrosis according to Desmet/Scheuer stage
and Chevallier score in patients with chronic liver
disease.COMPARISON OF ELASTOGRAM ANALYSIS
METHODS WITH RESPECT TO DIAGNOSTIC
PERFORMANCE
Several investigators have criticized the intra-
observer variability and lack of inter-observer agreement
of RTE. In this regard, Gulizia et al. (2008) found that
RTE has a lower reproducibility compared with TE.This limitation may be the result different factors, which
are related mainly to the techniques of image acquisition
(operator’s freehand compression vs. tissue displacement
caused by the internal compression and relaxation ob-
tained with the heartbeat). Another source of variability
is the different methods of elastogram ROI positioning
and analysis of the color-coded image. The qualitativemethod of elastogram analysis (i.e., soft, intermediate
and patchy hard patterns) is intuitive, but is discussed
rarely in the literature (Morikawa et al. 2011). Gheonea
et al. (2010) performed dynamic analysis of the individ-
ual histograms of each frame obtained from an RTE
movie, but were not able to distinguish between interme-
diate degrees of liver fibrosis (F1 vs. F2 vs. F3 METAVIR
stages) in a subgroup of patients with biopsy-proven
chronic hepatitis. Semi-quantitative methods include his-
togram analysis, as well as calculation of the elastic ratio
and fibrosis index. Working with a newer Hitachi RTE
probe, Orlacchio et al. (2012) found a significant differ-
ence between mean TME values (expressed in arbitrary
units) of F1 (107 6 9) and F3 patient subgroups(856 11) (p, 0.0001). They concluded that RTE might
be useful for the prediction of fibrosis in patients with
non-alcoholic steatohepatitis, especially in those with
fibrosis stage$2, where the accuracy reaches 92% using
a TME cutoff value #94.
The elastic ratio method has been found to have a
good correlation with liver fibrosis stage determined by
histopathologic examination of biopsy samples
(Colombo et al. 2012; Ferraioli et al. 2012; Friedrich-
Rust et al. 2007; Morikawa et al. 2011; Orlacchio et al.
2012; Tatsumi et al. 2010; Wang et al. 2012). Xie et al.
(2012), using substantial fibrosis ($S2 according to the
Desmet/Scheuer fibrosis stage) as a diagnostic criterion,
found that elastic strain ratio determined by RTE was
more accurate (area under the ROC curve 5 8.863)
than conventional blood parameters, such as the aspartate
transaminase-to-platelet ratio index (0.773) and the Forns
Table 2. Qualitative and semi-quantitative methods for elastogram analysis with their corresponding diagnostic performances,
expressed as values of the area under the ROC curve
Authors Method of analysis Area under ROC curve
Colombo et al. 2012 Elasticity index (11 elastogram features) 0.83 for F0 vs. F1–4
0.75 for F0,1 vs. F2–4
0.85 for F0–F3 vs. F4
Ferraioli et al. 2012 Fibrosis index (9 elastogram features) 0.74 for F $ 2
0.80 for F $ 3
0.80 for F4
Fiorini et al. 2012 Elastic ratio (homogeneous soft area of liver parenchyma)
Friedrich-Rust 2007 German elasticity score 0.75 for F $ 2
0.73 for F $ 3
0.69 for F4
Friedrich-Rust 2009a German elasticity score
Japan elasticity score
Mean 0.64 for F $ 2
0.59 for F $ 3
0.63 for F4
Angular second moment 0.69 for F $ 2
0.63 for F $ 3
0.65 for F4
Fujimoto et al. 2013 Fibrosis index (9 elastogram features) 0.82 for F $ 2
0.87 for F4
Gheonea et al. 2010 Dynamic analysis of RTE movies
Hirooka et al. 2011 Elastic ratio (small intrahepatic vein) 1.00 for F0
0.95 for F $ 2
0.92 for F4
Kanamoto et al. 2009 Elastic ratio (intercostal muscle) 0.95 for F $ 3
Koizumi et al. 2011 Elastic ratio (small intrahepatic vein) 0.89F $ 2
0.94 for F $ 3
0.95 for F4
Morikawa et al. 2011 Qualitative analysis: Soft, intermediate, patchy hard patterns
Histogram analysis (4 histogram parameters)
Mean 0.89 for F0–F1
0.93 for F $ 3
0.91 for F4
Standard deviation 0.81 for F0–F1
0.84 for F $ 3
0.84 for F4
Area 0.87 for F0–F1
0.91 for F $ 3
0.91 for F4
Complexity 0.81 for F0–F1
0.86 for F $ 3
0.93 for F4
Ochi et al. 2012 Elastic ratio (small intrahepatic vein) 0.83 for F $ 1
0.85 for F $ 2
0.87 for F $ 3
0.96 for F4
Orlacchio et al. 2012 Tissue mean elasticity 0.86 for F . 0
0.92 for F $ 2
Paparo et al. 2013 Elastic ratio (homogeneous soft area of diaphragm) 0.79 for F $ 2
0.90 for F $ 3
0.90 for F4
Tatsumi et al. 2008 Tissue mean elasticity
Tatsumi et al. 2010 Fibrosis index (9 elastogram features)
Tomeno et al. 2013 Fibrosis index (9 elastogram features)
Wang et al. 2012 Elasticity index (11 elastogram features) 0.93 for F $ 1
0.92 for F $ 2
0.84 for F $ 3
0.66 for F4
Xie et al. 2012 Elastic ratio (perihepatic soft tissues) 0.86 for F $ 2
0.74 for F $ 3
0.79 for F4
Yada et al. 2013 Fibrosis index (9 elastogram features) 0.80 for F $ 2
0.87 for F $ 3
0.85 for F4
In the case of works employing the elastic ratio, anatomic structures used as an internal control are reported in parentheses.
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tio to determine the METAVIR score, found excellent
areas under the ROC curves: 0.89 for F $ 2 (F1 vs. F2–
F4), 0.94 for F $ 3 (F1–F2 vs. F3-F4) and 0.95 for
F 5 4 (F1–F3 vs. F4). The areas under the ROC curves
for elastic ratio, hyaluronic acid, type IV collagen, aspar-
tate aminotransferase-to-platelet ratio index, FibroIndex,
Forns score and Hepascore were 0.95, 0.32, 0.73, 0.76,
0.76, 0.87 and 0.70, respectively. Therefore, the elastic
ratio performed better than serum fibrosis markers and
other scores. From a histopathologic point of view,
Ochi et al. (2012) found that only portal fibrosis, but
not perivenular or pericellular fibrosis, was significantly
associated with hepatic stiffness assessed by RTE in their
cohort of 181 patients with biopsy-proven nonalcoholic
steatohepatitis.
Studies employing the RTE fibrosis index achieved
good results. Morikawa et al. (2011) reported the clinical
utility of four parameters retrieved from secondary anal-
ysis of RTE elastograms (mean, standard deviation, area
and complexity), suggesting that mean and area may
directly represent liver elasticity, whereas standard devi-
ation and complexity may reflect the loss of the uniform
architecture of the liver parenchyma concomitant with
developing parenchymal fibrosis. The mean and area pa-
rameters were highly accurate for the diagnosis of signif-
icant fibrosis (F. 1), with areas under the ROC curve of
93% and 91%, respectively, and for the detection of
cirrhosis (F4), with areas under the ROC curve of 91%
for both parameters.
In the work of Tatsumi et al. (2008), RTE correlated
better than TE with histopathology, but the authors did
not report data regarding the diagnostic accuracy of
RTE in discriminating between different stages of liver
fibrosis. Friedrich-Rust et al. (2009a) compared the diag-
nostic accuracy of TE (area under the ROC curve: 0.86
for F $ 2; 0.91 for F $ 3; 0.97 for F 5 4) with that of
the Japanese elasticity score of RTE (area under the
ROC curve: 0.64 for F $ 2; 0.59 for F $ 3; 0.63 for
F 5 4), obtaining better results with the first modality.
The authors concluded that in the present form, RTE
could not replace TE for non-invasive assessment of liver
fibrosis. In a recent work comparing TE, RTE and
aspartate-to-platelet ratio index, Ferraioli et al. (2012)
found that on differentiating non-significant from sig-
nificant fibrosis (F $ 2), TE and the aspartate-to-
platelet ratio index, with overlapping areas under the
ROC curves (0.88 and 0.86, respectively), performed
better than the RTE fibrosis index (0.74). Table 2 sum-
marizes the diagnostic accuracy (expressed as area un-
der the ROC curve) of the different methods of
elastogram analysis that have been discussed in the
literature.CONCLUSIONS
Real-time elastography technology is rapidly
evolving, and precise knowledge of the different tech-
niques available for elastogram analysis may be useful
in better understanding how to interpret results. Techno-
logical advances are needed to improve computer-
assisted secondary analysis of real-time elastograms for
a better differentiation between stages of liver fibrosis,
thus reducing biases caused by inter- and intra-observer
variability.REFERENCES
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